Evolution of an oxygenic atmosphere required primordial life to accommodate the toxicity associated with reactive oxygen species. We have characterized an archaeal antioxidant from the hyperthermophilic acidophile Sulfolobus solfataricus. The amino acid sequence of this Ϸ22-kDa protein shares little sequence similarity with proteins with known function. However, the protein shares high sequence similarity with hypothetical proteins in other archaeal and bacterial genomes. Nine of these hypothetical proteins form a monophyletic cluster within the broad superfamily of ferritin-like diiron-carboxylate proteins. Higher order structural predictions and image reconstructions indicate that the S. solfataricus protein is structurally related to a class of DNA-binding protein from starved cells (Dps). The recombinant protein self assembles into a hollow dodecameric protein cage having tetrahedral symmetry (SsDps). The outer shell diameter is Ϸ10 nm, and the interior diameter is Ϸ5 nm. Dps proteins have been shown to protect nucleic acids by physically shielding DNA against oxidative damage and by consuming constituents involved in Fenton chemistry. In vitro, the assembled archaeal protein efficiently uses H2O2 to oxidize Fe(II) to Fe(III) and stores the oxide as a mineral core on the interior surface of the protein cage. The ssdps gene is upregulated in S. solfataricus cultures grown in iron-depleted media and upon H2O2 stress, but is not induced by other stresses. SsDps-mediated reduction of hydrogen peroxide and possible DNA-binding capabilities of this archaeal Dps protein are mechanisms by which S. solfataricus mitigates oxidative damage.
T he evolution of oxygenic photosynthesis marks the dawn of oxidative stress and represents one of the greatest selective pressures imposed on primordial life. The association of molecular oxygen with abundant ferrous iron pools created two major biological consequences. First, life dependent on the redox properties of Fe(II) would have to contend with its oxidation and precipitation as Fe(III). Second, life would have to contend with the toxicity of reactive oxygen species generated by the partial reduction of dioxygen by ferrous iron. Iron metabolism and oxidative stress are thus intimately interwoven, with the toxicity of one being dependent on the other. The significance of these selective pressures remains evident in the genomes of modern organisms where complex and overlapping defense mechanisms protect against oxygen toxicity and iron stress (1) (2) (3) .
Oxidative stress is a universal phenomenon experienced by both aerobic and anaerobic organisms from all three domains of life (4, 5) . Although the significance of oxidative stress in biology is well established, the processes by which intracellular reactive oxygen species (ROS) are generated continue to be recognized. One pathway generally recognized as a significant source of ROS is the partial reduction of molecular oxygen by the autoxidation of flavoproteins (5, 6) . This process generates a mixture of superoxide (O 2 Ϫ ) and hydrogen peroxide (H 2 O 2 ). The strong anionic charge of superoxide limits its reactivity with electron-rich molecules such as nucleic acids and amino acids (5, 7) . However, metal clusters within proteins are highly susceptible to superoxide. For example, Fe(II) ions at the catalytic center of 4Fe-4S-containing enzymes are electrostatically attractive targets (8) (9) (10) . Oxidized clusters are unstable and degrade, resulting in the release of iron and the inactivation of the enzyme. The released iron is available to react with hydrogen peroxides through the well characterized Fenton reaction (described below) to produce hydroxyl radicals (HO • ), the most toxic of all ROS (11) . Hydroxyl radicals indiscriminately oxidize most biomolecules at nearly diffusion-limiting rates.
The identification of superoxide dismutase (SOD) provided the first indication of active mechanisms designed to specifically minimize the effects of oxidative stress (12) . This enzyme catalyzes the disproportionation of superoxide (Eq. 1):
[1]
SOD genes are ubiquitous in the genomes of aerobic organisms, and homologous genes are found in the genomes of some anaerobes. The apparent absence of a recognizable SOD gene in the genomes of some anaerobes may be a reflection of this enzyme's generation of toxic oxygen (13) . A second mechanism, originally identified in Pyrococcus furiosus has been described for superoxide detoxification (4, 13) . This mechanism utilizes a mononuclear iron-containing enzyme, super oxide reductase (SOR), for the efficient reduction of superoxide to H 2 O 2 without an O 2 byproduct (Eq. 2):
H 2 O 2 is a powerful oxidant produced by both superoxide reductase and superoxide dismutase reactions. Potential targets of H 2 O 2 oxidation include 4Fe-4S clusters and the sulfur atoms of cysteine and methionine residues, with potentially lethal consequences (5) . More importantly, the interaction of free Fe(II) with hydrogen peroxide is known to efficiently generate HO
• through the Fenton reaction (Eq. 3) (11, 14) :
Peroxide detoxification and iron metabolism are important components in mitigating oxidative damage. Other enzymes, such as catalase, affecting peroxide detoxification have been characterized. Although these enzymes efficiently remove H 2 O 2 , they do little to minimize the toxicity of free iron.
A DNA-binding protein from nutrient-starved Escherichia coli cells (Dps), which protects nucleic acids against oxidative damage, has been described (15) . Twelve copies of the Dps protein subunit This paper was submitted directly (Track II) to the PNAS office.
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Abbreviations: Dps, DNA-binding protein from nutrient-starved cells; TEM, transmission electron microscopy; SsDps, Sulfolobus solfataricus Dps.
self-assemble into an Ϸ10-nm cage-like structure. These structures are homologous to the multimeric assemblies formed by the iron-mineralizing family of ferritin proteins. In addition to their structural similarities, assembled Dps proteins also mineralize iron within the interior of the protein cage. However, Dps mineralization is distinct from that described for ferritins. Whereas the ferroxidase activity of ferritins preferentially use O 2 as an oxidant, the ferroxidase center in Dps proteins more efficiently uses H 2 O 2 as the oxidant according to Eq. 4 (16, 17) :
In this way, Dps simultaneously eliminates the two components of the Fenton reaction [Fe(II) and H 2 O 2 ] that contribute to the generation of hydroxyl radicals. This mineralization reaction, in combination with the in vivo association of DPS with DNA, represents a multifunctional approach to cellular protection against oxidative damage.
We are interested in the evolutionarily conserved mechanism by which iron-dependent life manages the paradoxical relationship between iron and oxygen. Hyperthermophilic archaea are deeply rooted in the tree of life and therefore may harbor ancient mechanisms for managing oxidative stress. Sulfolobus solfataricus is an aerobic hyperthermophilic (70-90°C) archaeon that thrives in acidic terrestrial thermal features that are commonly associated with high iron (18) . We have identified a previously unrecognized protein from S. solfataricus that functions as a Dps. Here, we provide evidence supporting the role of this protein in protection against oxidative damage.
Materials and Methods
Identification of S. solfataricus Dps (SsDps). The S. solfataricus (P2) genome was queried by using the BLAST algorithm, with ferritin and Dps-like proteins from several sources [i.e., human, horse, bullfrog, E. coli, Listeria innocua, Archeaoglobus fulgidus, and an uncultured crenarchaeote (4B7)] (19) . A putative ferritin from the uncultured crenarchaeote 4B7 was the only sequence sharing detectable similarity to any annotated protein in the S. solfataricus (P2) genome (20) . The identified protein, annotated as a hypothetical protein (gi:15898865) was subjected to a threading routine and submitted to the fold recognition server 3D-pssm (www.sbg.bio.ic.ac.uk͞ servers͞3dpssm͞) (21) .
Phylogenetics. Amino acid sequences of ferritin-like diiron carboxylate proteins were aligned with CLUSTALX (22) . Parsimony analysis was performed with test version 4.0b10 of PAUP* and bootstrapped with 10,000 resamplings (23 (24) . Iron-depleted versions of this medium were prepared by using an iron-specific chelating column, phosphorylated silica polyamine composite (D. Nielsen and E. Rosenberg, personal communication). Iron-depleted media were used directly or supplemented with FeSO 4 or FeCl 3 . All cultures were grown in long neck Erlenmeyer flasks at 78°C in shaking oil bath incubators.
Western Analysis. Polyclonal antibodies were raised in mice against purified recombinant SsDps protein. IgG antibodies were isolated by using the ImmunoPure purification kit according to the manufacturer's protocol (Pierce). Western blots were performed by using the purified IgG. S. solfataricus cells were harvested by centrifugation and resuspended in 2ϫ SDS gel-loading buffer (25) . Lanes were loaded with approximately equal cell numbers according to OD 650 . S. solfataricus proteins were separated on 15% SDSpolyacrylamide gels and transferred to Hybond-ECL nitrocellulose membrane (Amersham Pharmacia Bioscience). Colorometric detection was used to identify the SsDps protein (Bio-Rad). Protein and RNA concentrations were estimated by using AlphaImager (Alpha Innotech, San Leandro, CA) imaging system (IS-2200) according to average pixel density.
Northern Analysis. Total cellular RNA was extracted from S. solfataricus (P2) cells, according to the TRI Reagent protocol (Molecular Research Center, Cincinnati). Total RNA concentrations were estimated by agarose gel electrophoresis and by spectrophotometric measurements (OD 260 ). For Northern analysis, 0.5-2 g of total RNA was separated by electrophoresis in a 1.5% agarose (wt͞vol) formaldehyde gel and transferred to GeneScreen membranes as recommended by the manufacturer (NEN). RNA was membranecrosslinked in a UV Stratalinker (Stratagene). Blots were probed with 32 P-labeled PCR products (Ready-To-Go Labeling Kit, Amersham Pharmacia Bioscience). S. solfataricus DNA was isolated by using previously established methods and served as the template in PCRs (26) .
Cloning and Expression. PCR primers were designed to amplify the dps-like gene from S. solfataricus (P2) (gi:15898865). The forward primer (5Ј-gggtgtacatatgcaagagaaacccc-3Ј) included an NdeI restriction endonuclease site (in bold) directly upstream of the start codon (underlined). The reverse primer (5Ј-acggatccttatttcttggaatatggagcg-3Ј) included the stop codon for the gene (underlined) and a BamHI site (in bold). The resulting PCR product was digested with NdeI and BamHI restriction endonucleases, purified with a PCR purification kit (Qiagen, Valencia, CA), ligated into pET30a(ϩ) (Novagen), and transformed into Xl-2 blue E. coli (Stratagene). The cloned sequence was confirmed by DNA sequencing (Applied Biosystems). The plasmid was subsequently transformed into BL21 E. coli for protein expression (Novagen). For protein expression, E. coli were grown and induced according to the manufacturer's protocol (Novagen). Cells were harvested by centrifugation and screened for SsDps expression by SDS͞PAGE.
SsDps Purification from E. coli. Cells were pelleted from 1-liter cultures by centrifugation, resuspended in 30 ml of lysis buffer (50 mM Mes͞100 mM NaCl, pH 6.5͞0.002 mg/ml DNase͞0.05 mg/ml RNase͞1 mg/ml lysozyme), and incubated for 30 min at room temperature. The slurry was sonicated (3 ϫ 5 min), and cellular debris was removed by centrifugation. The resulting supernatant was heated at 65°C for 10 min, cooled on ice, and then centrifuged to remove denatured proteins. The recovered supernatant was passed through a 0.2-m filter and loaded onto a Superose 6 size exclusion column (Amersham Pharmacia Biosciences) equilibrated with Mes buffer (50 mM Mes͞100 mM NaCl, pH 6.5). Elution of the protein was monitored at 260, 280, and 410 nm. Protein concentration was determined by the biuret method, and confirmed by the molar absorptivity at 280 nm of 3.00 ϫ 10 4 M Ϫ1 ⅐cm Ϫ1 .
SsDps Fe(O)OH
Mineralization. An amount equal to 0.2 mg of SsDps (7.66 ϫ 10 Ϫ7 mmol) was diluted with 3 ml of Mes buffer (100 mM Mes͞100 mM NaCl, pH 6.5) in a standard quartz cuvette. A total of 2.25 ϫ 10 Ϫ4 mmol of deaerated Fe(II) was added in six increments (50 Fe per cage) at 10-min intervals. A half molar equivalent of hydrogen peroxide (1 H 2 O 2 :2 Fe 2ϩ ) was delivered 2 min after each iron addition. A UV-Vis spectrum was recorded every 2 sec to monitor Fe(O)OH core formation by the increase in the characteristic absorbance at 350-400 nm (27) .
SsDps Particle Characterization. Dynamic light scattering was performed on the assembled protein before and after miner-alization to determine particle size as described (28) . Particle size was independently estimated by mobility on size exclusion columns (Superose 6, Amersham Pharmacia Biosciences) and by transmission electron microscopy (Leo 912AB TEM, Oberkochen, Germany) operating at 120 keV. Samples for TEM were imaged both unstained and stained with 2% uranyl acetate. Mass of the SsDps protein was determined by electrospray mass spectrometry (LC-MS).
Electron Microscopy and 3D Image Reconstruction. Aliquots of unmineralized SsDps (Ϸ3 l) were stained for 30 s with 2% uranyl acetate. Images were recorded by using a CM120 electron microscope (FEI͞Philips, Eindhoven, The Netherlands) at a magnification of 60,000 Ϯ 1% and focal pairs with a range of Ϸ0.5-2.5 m underfocus. Negatives were digitized on a Zeiss SCAI flat-bed scanning densitometer (ZI͞Zeiss) with a step size of 7 m, which resulted in a pixel size of 0.117 nm on the object scale.
Image processing was performed with polar Fourier transform (PFT) methods, with a modification for tetrahedral symmetry by D. Belnap (29). Approximately 2,230 particle pairs were manually extracted by using the program X3D, and the images were scaled to the mean and SD for all images (30) . The contrast transfer function (CTF) parameters for each micrograph were determined from the computed Fourier transform of the carbon film of each micrograph, and phase corrections were then applied to each particle image. A 3-nm starting model was calculated from the x-ray structure of a ferritin-like protein isolated from L. innocua (PDB ID code 1QGH) for the reference-based alignment. The x,y origin and rotational orientation of the particles were iteratively refined. For each cycle, particles that deviated by 0.5 below the average were rejected. In general, approximately one-quarter of the particles were rejected. Two independent reconstructions were computed to estimate the resolution of the refined data by Fourier shell correlation and subsequently combined. By using a correlation coefficient cut-off value of 0.5, the resolution was estimated to be 1.8 nm. The final 3D map was derived from 1,402 image pairs.
Results
SsDps Identification. Using the default parameters of BLAST, we were unable to identify any amino acid sequence in the S. solfataricus (P2) genome related to characterized ferritin or Dps proteins. However, a BLAST search using a putative ferritin identified in an uncultured crenarchaeote (AAK66802) matched an S. solfataricus (P2) sequence (gi:15898865) with 55% identity. This S. solfataricus (P2) ORF (SSO2079), annotated as a conserved hypothetical protein, codes for a predicted 188 aa with an estimated molecular mass of 21,753 Da. This sequence threads onto the four-helix bundle structure of the ferritin-like protein from L. innocua, with high confidence [position-specific scoring matrix (PSSM) E ϭ 0.0171] (17, 31, 32) . Based on this predicted secondary and tertiary structural similarity, the S. solfataricus (P2) protein was expected to assemble into a dodecameric cage similar to Dps family proteins (33) .
In Vivo Expression Patterns of SsDps. Northern blot analysis of RNA isolated from exponential growth phase culture of S. solfataricus (P2) identifies a single transcript corresponding to the approximate size of the ssdps gene (Ϸ600 nt). The transcript is up-regulated in a nonlinear fashion in response to oxidative stress (Fig. 1A) (Fig. 1B) . Loading controls and densitometry are available in Fig. 8 , which is published as supporting information on the PNAS web site.
Taking advantage of this oxidative induction, we were able to isolate Ϸ0.3 mg of the assembled protein from a 1-liter culture of S. solfataricus (P2) grown in media supplemented with 30 M H 2 O 2 . No detectable amounts of this protein could be purified from S. solfataricus (P2) culture grown under standard conditions following this same protocol. These results confirmed our prior observations that neither the transcript nor the protein is readily detectable under normal growth conditions (Fig. 1) .
We further examined the possibility of SsDps being involved in a general stress response rather then being exclusively related to oxidative stress (Figs. 2 and 9 , which is published as supporting information on the PNAS web site). Transcription of the ssdps gene is low or not detectable in late log phase cells or in exponential growth phase cells UV irradiated (300 KJ), grown in an alternative carbon source (sucrose), virus-infected [Sulfolobus spindle-shaped virus, Ragged Hills (SSV RH)], heat-shocked at 90°C, or coldshocked at 60°C for 11 h (Fig. 2) . However, consistent with the characterized expression profiles of other Dps-like proteins, ssdps is expressed under iron-limiting growth conditions (Fig. 3) (2, 3, 34) . Dps proteins use ferrous iron atoms as cofactors for the twoelectron reduction of H 2 O 2 . It follows then that, in the absence of iron, Dps-mediated reduction of hydrogen peroxide will be compromised, resulting in increased H 2 O 2 stress.
Particle Purification and Characterization. The SsDps protein expresses to high levels in E. coli. Approximately 40 mg of the recombinant protein can be purified from a 1-liter E. coli culture. This yield compares with 0.3 mg of the protein that could be purified from 1-liter cultures of S. solfataricus stressed with H 2 O 2 . Purification of the recombinant SsDps protein was simplified by taking advantage of the protein's inherent thermal stability. A 10-min incubation at 65°C was sufficient to denature a majority of the E. coli proteins, which were precipitated by a low-speed centrifugation. The recombinant protein eluted as a single peak on an analytical size exclusion column (Fig. 4) . SDS͞PAGE of the purified protein revealed a single band with molecular mass of Ϸ22 kDa (Fig. 10 , which is published as supporting information on the PNAS web site). This finding was in good agreement with the deconvoluted mass of the recombinant protein (21,768.23 Da), as determined by electrospray mass spectrometry.
The recombinant SsDps protein self-assembles into a 12-subunit cage-like architecture. Dynamic light scattering (DLS) of the recombinant protein indicates an average diameter of 9.7 Ϯ 0.4 nm, consistent with a 12-subunit cage-like assembly. This architecture is directly evident from negatively stained TEM (Fig. 4) . SsDps image reconstruction, at 1.8 nm resolution, reveals a dodecameric protein cage with an exterior diameter of Ϸ100 Å and an interior cavity of Ϸ5 nm (Fig. 5) . As a tetrahedron, the structure is composed of a trimer of dimers that assembles to form two nonequivalent threefold (3F) environments at opposing ends of the 3F axis ( Fig. 5 B  and C Phylogenetic Identification of a New Dps Subclass. The SsDps protein shares high sequence similarity with hypothetical proteins in 14 prokaryotic genomes (expect Ն7eϪ04). Nine of these sequences form a well supported monophyletic cluster outside of the currently characterized Dps clade (Fig. 7) . These sequences are only distantly related to those in the currently characterized Dps clade. Despite this distant relationship, a putative Dps-like metal-binding motif (diiron-binding site) is identifiable in the primary structures of each of these new Dps-like sequences (sequence alignments are in Fig.  11 , which is published as supporting information on the PNAS web site). Whereas this putative metal-binding motif is distinct from that identified in currently recognized Dps proteins, it does share similar charge and spacing characteristics with the known Dps metalbinding sites.
Dps proteins are widely distributed across the bacterial domain; however, before this study, only one other archaeal Dps had been described (DpsA) (35) . Interestingly, our phylogenetic analysis indicates that the DpsA protein from Halobacterium salinarum is more closely related to members of the previously identified Dps subclass than it is to the new, predominantly archaeal, Dps subclass identified in this study.
Dps Surface Charge and DNA-binding Domains. Surface charge determined by zeta potential measurements of the SsDps assembly indicate that the cage retains a net negative surface charge at pH values Ͼ4.1. This overall net negative surface charge is consistent with all other characterized Dps proteins irrespective of their DNA-binding character. Although the DNA-binding domain in Dps proteins are not well defined, basic residues in either the N-terminal or C-terminal regions have been implicated. For example, extension of the N-terminal E. coli Dps subunit or in the C-terminal extension of the Mycobacterium smegmatis Dps subunit have been implicated in DNA binding (33, 36, 37) . These suggestions have recently been corroborated by N-terminal deletion mutants of E. coli Dps that do not bind DNA (38) . Multiple sequence alignments identify basic residues in extended N-terminal domains of both the SsDps and in the Dps-like protein from H. salinarum, suggesting their role in DNA association (35, 39, 40) . A short C-terminal extension of the SsDps protein also contains three basic amino acids that may also play a role in DNA binding (Fig. 11) . Further investigations of DNA binding by archaeal Dps's will be important for appreciating the significance of Dps proteins in Archaea.
Discussion
The evolution of oxygenic photosynthesis marks the dawn of oxidative stress and represents one of the greatest selective pressures imposed on primordial life. The evolution of a single protein capable of managing the paradoxical relationship between iron and oxygen may represent an important ancestral component of the antioxidant defense system. We have identified and characterized a Dps-like protein from the hyperthermophilic archaeon S. solfataricus (SsDps). Although the primary structure of this protein is only distantly related to characterized Dps proteins, the SsDps protein does assemble into dodecameric cage-like structures that efficiently oxidize Fe(II) to Fe(III) using H 2 O 2 as an oxidant. In all previously characterized Dps proteins, this redox reaction is mediated by a unique diiron-binding motif (Fig. 11) (16, 33, 36, 37, 41) . This motif has been implicated in coordinating the two-electron reduction of H 2 O 2. This mechanism has been shown to avoid the production of toxic hydroxyl radicals generated through the Fenton reaction (Eq. 4) (16) . A putative Dps diiron-binding motif is identifiable in the primary structure of each new Dps sequence. Whereas this putative metal-binding motif is distinct from that (47) . Whereas dps expression is generally considered specific to oxidative stress during exponential growth, Dps proteins have been shown to effectively protect against a broad spectrum of different stresses while in stationary phase (48) . SsDps is also likely to confer protection against a broader range of environmental stress during stationary phase; however, growth of S. solfataricus is limited by the accumulation of inorganic ions and thus complicates studies aimed at understanding S. solfataricus physiologies under true nutrient limitation (49) . Nevertheless, it is clear that the oxidative stress response in S. solfataricus is coupled to both H 2 O 2 and iron levels through the expression of ssdps.
It is of interest to recognize that sequences related to the SsDps protein are not limited to hyperthermophilic Archaea. In fact, BLAST analysis indicates that SsDps-like sequences are well distributed across the spectrum of phylogenetically diverse prokaryotes.
This finding suggests that SsDps-like sequences are not evolutionarily maintained, solely as a consequence of protracting thermal stability. A case in point is the identification of a SsDps-like sequence (85% similar) in the genome of a mesophilic bacteria (Gloeobacter violaceus PCC 7421) (50) . Although the amino acid sequence of this Dps-like protein is highly conserved, the nucleotide sequence is not. The low G plus C content of the ssdps gene (40%) is typical of genes originating from hyperthermophiles and is consistent with that of S. solfataricus (P2) genome. In contrast, the relatively high G plus C content (60%) of the dps-like gene from G. violaceus (gi:37523861) is consistent with that of the overall G plus C content of the genome. This finding suggests that the distribution of this newly identified dps gene is not a result of a recent horizontal gene transfer event.
This newly identified Dps protein fits within the broad ferritinlike diiron-carboxylate protein superfamily (Fig. 7) . Other members of this superfamily include other Dps proteins, ferritins, and bacterioferritins, which form three distinct subclasses within the superfamily (51) . All proteins in this superfamily assemble into multimeric cage-like structures that functionally sequester iron. However, unlike the 24-subunit ferritins and bacterioferritins that function to sequester iron when concentrations are high, Dps proteins are 12-subunit assemblies that functionally sequester iron only as a consequence of reducing H 2 O 2 . Identification of an amino acid sequence in the S. solfataricus genome that self-assembles into a dodecameric cage and functions to mitigate oxidative damage has allowed us to confidently assign Dps-like function to genes from nine different organisms whose function was previously unknown. The identification of a previously uncharacterized subclass of Dps genes provides further insights into the evolution and diversity of biochemical adaptations to oxidative stress.
